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Abstract. The increasing maritime activity can be seriously
affected by severe weather and sea conditions. To avoid se-
rious damages to ships, marine structures and humans, a
good weather and wave forecast is of primary importance.
In general the meteorological and the wave models are used
to produce forecasts at large scale like the global or the
medium-size inner seas. For much smaller environments like
the Greek maritime areas, characterized by complicated fea-
tures like the orography and the presence of islands, the mod-
elisation becomes a not simple task.
This study is devoted to the validation of the performance
of the WAM wave model over the Ionian and Aegean Seas.
The period of validation refers to the ﬁrst 12 months of op-
erational use of the model at the National Observatory of
Athens. The wave model is applied at a resolution of 1/16 de-
grees and is driven by the 10m wind, produced by the BO-
LAM meteorological model operationally run over the same
area. Two different sources of data have been used for the
veriﬁcation of the model results. The ﬁrst dataset is provided
by a network of buoys deployed over the Greek maritime ar-
eas and the second consists of altimeter data, provided by the
OSTM/Jason-2 satellite platform. Although the study area
is characterized by complex topography and a large number
of islands, the implementation of the WAM model provides
very encouraging results. In general, with the exception of
the two buoys located in the Ionian Sea, the WAM model
tends to underestimate the wave energy in the region of the
Aegean Sea. The comparison with the altimeter data shows
that the model has a tendency to overestimate the height
for waves lower than 2.5m and to underestimate the waves
higher than 3m.
1 Introduction
The Aegean and Ionian Sea, located in the eastern part of
Mediterranean, are two maritime regions characterized by
large naval activity, not only for marine trades but also for
sailing, ﬁshing and other marine activities, especially during
the summer season. The complexity of the shoreline and the
topography and the large number of islands play a signiﬁcant
role in modulating the wind and the wave ﬁelds, creating, in
many cases, ideal conditions for very strong winds and very
high waves. An example is the etesians, local northerly dry
winds, which blow from May to September over the Aegean
Sea. They may create dangerous conditions for small ves-
sels as their speed can exceed 15–20ms−1 for a period of
1 to 6 consecutive days. For this reason the knowledge of
the wave conditions, either as a forecast or as observation, is
critical for all the human maritime activities including trans-
portation, ﬁshing and sailing.
During the last decades the development of operational
wave models provided reliable forecasts, while the expanded
use of space-borne altimeter data brought forth measure-
ments for the sea state, especially in the open sea. The quality
of wave forecasts, however, is strongly dependent on the re-
gional characteristics, like the bathymetry and the wind ﬁeld.
In general the accuracy of the wave forecasts is better in the
open ocean than in enclosed areas such as the Mediterranean
Sea. The lower performance of wave models in limited ma-
rine regions than over open oceans has been attributed to the
fact that wind forecasts are also less accurate than over the
open oceans (Cavaleri and Bertotti, 2003, 2004; Ponce de
Leon and Guedes Soares, 2008).
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Focusing on the Greek area, the two main marine regions,
the Ionian and the Aegean Sea, are characterized by the pres-
ence of a very large number of small and large islands. These
strongly inﬂuence not only the wind ﬁeld, producing chan-
nelling or divergence effects over the sea, but also the wave
ﬁeld (Ponce de Len and Soares, 2005, 2010). As a conse-
quence it is difﬁcult to compute the wind as well as the wave
ﬁelds close to the coast. However, the land effect on the wind
ﬁeld is gradually reduced far from the coasts (Lagouvardos
et al., 2003).
The Mediterranean Sea is an enclosed basin surrounded
by several important mountain ranges that strongly inﬂuence
both the wind and the wave ﬁelds. Strong wind may cause
heavy wave conditions which may be the cause of maritime
disasters as described by Bertotti and Cavaleri (2008). The
wind can be very strong, especially in the westerly part of
the basin. This fact has brought to investigate and study more
deeply the meteo-oceanographic features that characterize
the area. An important study investigated the forecast accu-
racy of wave models in the western Mediterranean, compar-
ing the wind and wave forecasts from various models with
buoy measurements and satellite data (Ardhuin et al., 2007).
In a more recent study, a modiﬁed version of WAM4 and
WW3 models was applied in hindcast mode to simulate the
wave regime in the Mediterranean Sea for a 2-yr evaluation
period (Korres et al., 2011). Bola˜ nos-Sanchez et al. (2007)
focused their study on two isolated cases characterized by
very strong winds and high waves during November 2001
and March–April 2002, using MASS and ARPEGE atmo-
spheric models and WAM and SWAN wave models. More
recently Ponce de Leon and Guedes Soares (2008) compared
the wave model hindcasts in the western Mediterranean Sea
based on the HIPOCAS (Ratsimandresy et al., 2008) and
ERA-40 reanalysis wind ﬁelds for two winter storms in
November 2001. Bertotti et al. (2012) have studied the per-
formance of seven different wind-wave systems during the
Klaus storm that hit Spain and entered the western Mediter-
ranean on January 2009.
The present study is devoted to the investigation of the per-
formance of the recently installed WAM wave model in the
eastern part of the Mediterranean Sea during the ﬁrst year
of the operational use at the National Observatory of Athens
(NOA). The wind ﬁeld is provided by the weather forecast-
ing model BOLAM that has run operationally at NOA since
2000 (Lagouvardos et al., 2003). For the wave model veriﬁ-
cation,bothbuoyandsatellitedatahavebeenused.Thepaper
is arranged as follows. In Sect. 2 a detailed description of the
meteorological and wave models is given, while the dataset
description is given in Sect. 3. Section 4 is devoted to the re-
sults of the comparison between model and measurements,
and Sect. 5 presents an example of a case study. Finally, the
concluding remarks are discussed in Sect. 6.
2 The meteorological and wave models
The quality of wave forecasts is directly connected to the re-
liability of the wind forecasts computed by a meteorological
model. The BOLAM model (Bologna Limited Area Model),
which is used for operational weather forecasting at NOA,
has been used in this study (Lagouvardos et al., 2003). The
version of BOLAM is based on previous versions of the
model described in details by Buzzi et al. (1998) and Buzzi
and Foschini (2000). The choice of this model is based on the
very encouraging results obtained for the wind ﬁeld over the
Ionian and the Aegean Sea. More speciﬁcally, the compari-
son between the wind forecasts and the measurements, pro-
vided by four buoys (supervised by NCMR) for the period
September 2000–March 2001, showed that the magnitude of
the wind speed mean error ranges from −1.1 to 1.4ms−1
(Lagouvardos et al., 2003). Two nested grids have been de-
ﬁned for the operational chain: a coarse one covering Europe,
the whole Mediterranean Sea and the northern African coasts
with a 0.15 deg grid, while the inner one covers the Greek
peninsula and its surrounding seas, with a grid with 0.06 deg
resolution. Thirty-six levels have been considered in the ver-
tical, up to 10hPa with higher resolution close to the surface.
The initial and boundary conditions of the model are given
by the Global Forecasting System (GFS) model provided by
the National Center for Environmental Predictions (NCEP).
Theseconsistofwindﬁeldanalysisandforecastsat6-hinter-
val, provided on a regular long/lat grid with 0.5 deg. spatial
resolution.
To provide the wave forecast, the WAM model has been
used. The model is widely described in the literature (e.g.
WAMDI Group, 1998; Komen et al., 1994; Bidlot et al.,
2002; Janssen, 2007) for both fundamentals and applications.
The model is a third generation model, based on pure physics
without any assumption on the spectral shape. It considers all
the main processes that control the evolution of a wave ﬁeld
in deep water, namely the generation by wind, the nonlinear
wave-wave interactions, and the white-capping.
The WAM model has run operationally at NOA since the
summer 2010. As for the meteorological models also for
the wave model, two different domains have been deﬁned:
a coarse one that covers the whole Mediterranean Sea with
1/4 degree grid resolution and an inner one that covers the Io-
nian and Aegean Sea with a 1/16 degrees grid resolution (see
Fig. 1a). Note that taking the western border of the coarse
grid at 6◦ W corresponds to considering the Gibraltar Strait
to be closed. Although this may affect the wave conditions
estimated in the nearby area, this does not inﬂuence the wave
ﬁelds in the region of interest, where the inner grid is lo-
cated (see its position in Fig. 1a and b). The inner grid spans
from 19◦ to 29◦ E and from 34◦ to 41◦ N. The depth of this
area varies from very deep water, across the large fault lines
sited in the Ionian Sea, North Aegean and in the open sea
south of Crete, to relative shallow waters near the coasts of
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Fig. 1. (a) Extension of the WAM grids. The inner rectangle denotes
the position of the ﬁner grid. (b) Bathymetry and orography of the
ﬁne grid. The black lines denote the ground tracks of Jason-2 above
Greece while the wave buoys used for validation are marked with
rectangles.
continental Greece and the islands. The maximum depth of
the study area is located in the south Ionian Sea (≈ 4500m).
The forecast wind provided by the BOLAM model is in-
gested in the WAM model on the two different grids at 3-h
intervals. The model provides forecast ﬁelds for 72h at 3-h
intervals, at the synoptic times (00:00, 03:00, 06:00...UTC).
3 Dataset descriptions
Two different sources of data have been used for the wave
model veriﬁcation. The ﬁst source of data consists of in-situ
observations from the buoys network, operated by the Hel-
lenic Centre for Marine Research (HCMR). The locations
of the eight buoys are depicted with the black rectangles
in Fig. 1 and presented in Table 1. These buoys are con-
tinuously in operation; the records for the comparison with
the model data are taken at 3-h intervals at synoptic times
(00:00, 03:00, 06:00 ...UTC). For the veriﬁcation purposes
the model data in the closest sea grid point to each buoy lo-
cation have been used. It should be noted that the veriﬁcation
is restricted to the ﬁrst day of the forecast. Table 1 summa-
rizes also the mean and the maximum signiﬁcant wave height
observed during the 1-yr period of the study, starting from
1 September 2010 up to 31 August 2011.
The second is space-borne altimeter-derived wave heights
from OSTM/Jason-2 (CNES–NASA). Jason-2 is a low-orbit
satellite, equipped with high-precision ocean altimetry that
measures the distance between the satellite and the ocean
surface, within a few centimeters. Jason-2 is the resump-
tion of the two past missions: TOPEX/Poseidon and Jason-
1 (OSTM/Jason-2, Products Handbook, 2009). Jason-2 data
are available along the satellite ground track and correspond
to an average over 6–7km along these tracks, with repeat
cycles of about 10 days. Figure 1b depicts the position of
ground tracks of Jason-2 above the region of Greece. One
problem consists in the availability of the data. The altime-
ters cannot measure close to the coasts because of the in-
terference with the land. This depends on the dimension of
the footprint of the remote signal which is of few kilome-
ters. This means that when the satellite is ﬂying offshore, the
altimeter requires some time to work properly again. This
negative effect is more frequent in the Aegean Sea because
of the large number of islands. In general, Jason-2 data are
not available at the same time with the model data. For the
veriﬁcation purposes the model output from the ﬁrst day of
simulation at lead times from t +03 up to t +24h with the
closest valid time to the time of the satellite passage is used.
Then the model sea grid point closest to each satellite mea-
surement is selected for the veriﬁcation.
4 Results
Here we discuss the results of the comparison between the
signiﬁcant wave height predicted by the WAM model and
the data from the buoys and the altimeter, respectively. The
comparison is performed over a 1-yr period from 1 Septem-
ber 2010 to 31 August 2011, which corresponds to the ﬁrst
12 months of operational use of WAM model at NOA.
4.1 Comparison with buoy data
Figure 2a–h present the scatter plots of measured signiﬁcant
wave heights versus WAM model results for the eight buoy
locations and over the 1-yr period. A characteristic of the
eight comparisons is that the model tends to overestimate the
wave height almost everywhere, with the exception of the
two buoys located in the Ionian Sea (Zakynthos and Pylos)
and in the Saronikos Bay (Aegina). From Table 2, where the
general results are summarized, it is clear that the locations
with the best model results are those at Athos with a best
ﬁt slope (SLO) equal to 1.07 and a correlation coefﬁcient
(CORR)equalto0.89(seeFig.2a).Similarsituationisfound
at Crete with SLO equal to 1.03 and CORR equal to 0.79 (see
Fig. 2f).These buoys are both deployed in the open sea at a
distancefromtheshoregreaterthan30km.Thelowestvalues
for scatter index SI are found at Santorini, in the southern
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Table 1. Characteristics of the buoys used in this study. The mean signiﬁcant wave height and the maximum wave height are referred to the
1-yr period from 1 September 2010 up to 31 August 2011.
Name Location Depth Mean Signiﬁcant Maximum Signiﬁcant
of Buoy (m) Wave Height (m) Wave Height (m)
Athos 39.97◦ N–24.72◦ E 220 0.8 5.0
Skyros 39.11◦ N–24.46◦ E 120 0.9 5.4
Mykonos 37.52◦ N–25.46◦ E 110 1.0 4.9
Aegina 37.60◦ N–23.56◦ E 210 0.5 2.0
Santorini 36.26◦ N–25.50◦ E 280 0.9 3.5
Crete 35.77◦ N–24.93◦ E 1303 0.8 3.7
Zakynthos 37.96◦ N–20.60◦ E 254 0.6 2.8
Pylos 36.83◦ N–21.60◦ E 1651 0.8 5.7
Table 2. Statistics for signiﬁcant wave height from the comparison
at eight buoy locations.
Location Best Correlation Scatter Bias
of buoy slope index (m)
Athos 1.07 0.89 0.33 0.11
Skyros 1.11 0.90 0.32 0.12
Mykonos 1.09 0.84 0.34 0.12
Aegina 0.96 0.67 0.37 −0.01
Santorini 1.18 0.74 0.42 0.17
Crete 1.03 0.79 0.30 0.08
Zakynthos 0.92 0.73 0.32 −0.03
Pylos 0.89 0.72 0.36 −0.05
Mean Values 1.03 0.78 0.34 0.06
Aegean Sea, and Aegina, in the southern part of Saronikos
Bay (values are 0.42 and 0.37, respectively).
The overestimate of the wave height by the WAM model
substantiallyincreasesforwaveheights higherthan2m.This
effect is mainly due to three isolated cases when the meteo-
rological model produced too high wind speed and hence,
as a consequence, the wave model produced too high waves.
Indeed, during the period 8–9March 2011, a northern wind
speed gust exceeding 25ms−1 was observed at the two me-
teorological stations Mykonos and Naxos. Similarly, high
wind speeds from north were observed on 11 December
2010 at the same weather stations. As a consequence the
WAM model produced high wave heights, while the obser-
vations provided by the majority of the buoys were notice-
ably smaller. These cases are included within the ellipses in
Fig. 2c and e. It is worth to mention that, when omitting
these cases from the general analysis, the statistical values
show an improvement. The wrong results obtained by both
the meteorological and the wave models could be explained
by the presence of a large number of islands in the central
Aegean Sea. These islands may strongly inﬂuence the wind
ﬁelds especially when it is blowing from the north. Due to
the stronger wind, the wave model, as a consequence, over-
predicts the wave height.
Fig. 2. Scatter plots of signiﬁcant wave height, measurements ver-
sus WAM model at (a) Athos, (b) Skyros, (c) Mykonos, (d) Aegina,
(e) Santorini, (f) Crete, (g) Zakynthos and (h) Pylos. The ellipses
in (c) and (e) denote the two isolated cases of 8–9 March 2011 and
11 December 2010.
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Fig. 3. Scatter diagram of the model signiﬁcant wave heights vs. the
corresponding Jason-2 altimeter data during the period 1 Septem-
ber 2010 up to 31 August 2011. The different colours (right scale)
represent the numerosity in each box.
The above results are satisfactory because they are in
agreement with similar studies carried out in the Mediter-
ranean Sea. Ardhuin et al. (2007) compared the measure-
ments from an extended network of buoys, in the western
part of the Mediterranean, for a two-month period with the
model results from WAM at a resolution of 0.1 deg and found
a mean best-ﬁt slope equal to 0.95 and a mean scatter index
equal to 0.35. These values are very close to the values found
in the present study and shown in Table 2. In another study,
Bertotti et al. (2011) compared the data measured at the IS-
MAR oceanographic tower, located in the northern part of
the Adriatic Sea, with the results of the WAM model for a
5-yr period and found statistical results very close to those
presented in the present study.
4.2 Comparison with altimeter data
Here we describe the results obtained comparing the satellite
altimeters data and the corresponding WAM data for the con-
sidered1-yrperiod.AsitwasexplainedinSect.2,thealtime-
ters cannot measure close to the coasts and the wave data are
not reliable. For that reason, when the difference between the
satellite measurements and the model results exceeds twice
the standard deviation, we have rejected the data. The scat-
ter diagram displayed in Fig. 3 shows that there is a slight
tendency by the model to overestimate the wave heights. The
mean observed wave height is 2.37m while the mean fore-
casted wave height is 2.74m. The bias is 0.37 and is substan-
tially greater than the value obtained using the buoys (see
Table 2). This can be explained by the poor accuracy of al-
timeter measurements near the coasts. Bertotti et al. (2011),
who compared the altimeter data from ENVISAT with the re-
sults of WAM model for a 5-yr period over the Adriatic Sea,
found slightly different results. More precisely, they found
that there was a tendency by the model to underestimate the
Fig.4.Distributionofthesatellitemeasurementsandthemodeldata
in various bins. The bins follow the pattern 0–0.5, 0.5–1.0, 1.0–1.5,
etc.
lower wave heights, in fact that it was attributed to the lo-
cal pattern of the wind ﬁeld, associated for example with sea
breezes. Nevertheless, the best-ﬁt slope was equal to 1.00, as
in our analysis.
The distribution of the satellite measurements and the
model data in various bins (0–0.5, 0.5–1.0, etc.) is presented
in Fig. 4. It is evident that the model has the tendency to
overestimate the height for waves lower than 2.5m and to
underestimate it otherwise.
5 Case study
In order to have a better knowledge of both the meteo and
wave models performance over the study area, we have cho-
sen a peculiar case study characterized by strong winds and
waves. The selected case, presented in this section, occurred
on 19 February 2011, and it was characterized by strong
gale winds with a maximum of observed gusts that exceeded
35ms−1 at the automated meteorological station located at
Katakolo, on the western coast of Peloponnisos (see Fig. 1b).
During this day, a strong low pressure system was centered
over the southern Ionian Sea, with a minimum pressure of
991hPa in its center, while moving eastwards it caused very
strong gale winds in the southern Ionian Sea and in the mar-
itime area south of Crete. This deep low was followed by
high waves which caused signiﬁcant damage over an ex-
tended coastal area of the southern part of Crete.
Figure 5a–d show the evolution of the wave ﬁelds and the
wave direction in the Aegean and Ionian Sea on the 9 Febru-
ary 2011. It is evident that the strong winds produced re-
markable wave heights in the southern part of the Ionian Sea,
where the wave heights exceeded 4.5–5m. During the same
day the system moved eastwards and produced high waves
in the maritime area south of Crete. Figure 6a–d provide the
time series of the wave height observed at the buoys of Pylos,
Crete, Mykonos and Skyros (see Fig. 1b for their position).
Each plot shows both the WAM model forecast and the cor-
responding measured data. Out of the four selected buoys,
Pylos was the most inﬂuenced by the intense low as its loca-
tion was in the middle of it. The results are rather consistent
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Fig. 5. Evolution of the wave height and direction produced by the ﬁrst 24h forecast of the WAM model. The ﬁelds refer to (a) 03:00,
(b) 06:00, (c) 09:00 and (d) 12:00UTC, 19 February. The red colours in the southern part of the region denote signiﬁcant wave heights
higher than 4.5m. The arrows represent the mean direction of the waves.
Fig. 6. (a) Time series of signiﬁcant wave height at Pylos as forecast by WAM model (red line) and measured by the buoy (blue dots). Time
ticks at 3-h intervals; 25 correspond to the 03:00UTC of 18 February while 41 correspond to the 03:00UTC of 20 February. The dotted line
corresponds to the maximum observed wave height. (b) as in (a) but for Crete. Measurements were available up to 20 February. (c) as in (a)
but for Mykonos and (d) as in (a) but for Skyros.
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with the measurements not only for the selected day (see
the dotted line in Fig. 6a), but also for the whole analyzed
period between 15 and 25 February. On the 19 February
at 03:00UTC, the observed maximum wave height reached
5.7m, while the forecast one was equal to 5.1m. This pat-
tern seems to be maintained at the other two buoys, Mykonos
and Skyros in Fig. 6c and d, respectively, even if there is
a slight overestimation by the model, especially during the
end of the selected period where the dominant wind direc-
tion was N–NE (not shown here). On the other hand the mea-
surements at the Crete buoy were remarkably lower than the
forecast ones. The reason is that this buoy is located in the
northern area of Crete and the inﬂuence of the island plays
a signiﬁcant role on the deﬁnition of the wave ﬁeld when
the dominant winds are from the south. This example em-
phasizes the role of the fetch in the formulation of the wave
height by the model, in regions with a large number of is-
lands, such as the Aegean Sea, pointed out by Cavaleri and
Bertotti (2004). Hence, when the wind ﬂow is southwesterly,
the WAM model succeeds in simulating the wave ﬁelds in
the southern Ionian Sea, where there are no islands, while,
on the contrary, in the Aegean Sea the model presents lower
performance, a fact that could be attributed to the presence
of the islands and especially of Crete. Crete has an extended
inﬂuence both on the wind and on the wave ﬁeld because of
its large size and its orientation from west to east that acts as
a barrier to both the southern and the northern ﬂow (Kotroni
et al., 2001).
6 Conclusions
This paper presents the analysis of the performance of WAM
wave model over the Greek maritime areas based on one year
of operational use of the model at NOA. The selected period
spans from 1 September 2010 to 31 August 2011 and the area
of the analysis covers the Ionian and the Aegean Sea with a
resolution of 1/16 degrees. The wind ﬁelds used to drive the
wave model were provided by the BOLAM model which is
used for operational weather forecasting at NOA. The data
used for the veriﬁcation are provided by a local network of
buoys in combination with altimeter satellite data. The com-
parisons using the two sources of measurements indicate a
rather satisfactory performance of the wave model.
Although the performance of the wave models is differ-
ent in the open sea and close to the coast and in general it
is better in the oceans, the implementation of WAM model
over the Greek seas showed, in general, encouraging results
for the quality of the forecasts. The comparison between the
model forecasts and the buoys measurements showed that the
quality of forecast, as expected, is strongly dependent on the
buoy’s location. In the Ionian Sea, where the number of is-
lands is very limited and the fetch is important, especially in
case of southern wind ﬂow, the meteo model tends to under-
estimate the wind speed and hence the wave energy. On the
contrary, in the Aegean Sea, characterized by a large num-
ber of islands and a complex topography, especially around
Crete, the model tends to overestimate the wave heights.
These results have been also supported by the analysis of
a case study that was characterized by high waves over the
Greek seas. As for the statistical results, the mean best-ﬁt
slope for the eight selected buoys was equal to 1.03 with a
scatter index equal to 0.34 and a mean bias equal to 0.06m.
On the other hand, the comparison of the WAM model with
altimeter data showed that there is a slight tendency by the
model to overestimate the height of waves lower than 2.5m
while it underestimates the wave heights greater than 3m.
In any case the general conclusion that can be derived
by the present study is that WAM model can provide ac-
curate forecasts of the wave conditions over the Greek seas
and therefore could be used as support for the marine activ-
ities and the marine safety purposes. Although most of the
Aegean and Ionian bathymetry is deep water condition and
the physics of the WAM model is capable to correctly repre-
sent the sea state, it will be very interesting in a future work
to use in our simulation a coupled system WAM-SWAN in
order to see the differences between the two systems, as it
has been used in other studies (e.g. Rusu et al., 2008; Rusu
and Soares, 2012).
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